Measles virus haemagglutinin (H), fusion (F) and matrix (M) components were purified by affinity chromatography using monoclonal antibodies coupled to CNBractivated Sepharose. H and M proteins were purified to homogeneity as determined by polyacrylamide gel electrophoresis by a single cycle of adsorption-desorption. The corresponding purification of the F protein required two cycles of adsorptiondesorption. After the second adsorption an extra wash with 1 M-guanidine-HCl was employed to remove the contaminating cellular actin. Electron microscopic examination of the purified envelope proteins showed that, at pH 6.0, the H peplomers had a truncated conical shape (width 6.5 to 4 nm, length 16 nm), and the F peplomers had a club-like shape (dimensions of the oval head 6 x 9 nm, length 15 nm). Lengths of both peplomers were measured excluding their undiscernible hydrophobic part. The M component at pH 3-0 appeared as a rounded particle (diam. 8 nm, central accumulation of contrast 1.5 nm) suggested to include four to six M polypeptides. Rabbit hyperimmune sera were prepared against all three purified envelope components. These sera reacted only with the homologous antigen in radioimmunoprecipitation assays. Both antisera against the H and F components neutralized the virus and blocked virus-specific haemolysis, but only anti-H serum inhibited haemagglutination.
INTRODUCTION
Measles virus is an enveloped virus that buds from the surface membrane of infected cells. The cytoplasmic membrane of infected cells and the virion envelope contain two surface glycoproteins, the haemagglutinin (H) and fusion (F) proteins, and the non-glycosylated matrix (M) protein, forming the inner layer of the envelope (Mountcastle & Choppin, 1977; Tyrrell & Norrby, 1978 ; Fujinami et al., 1981) . The haemagglutinin represents the major surface antigen and thus is the main component for immune recognition of measles virus. Limited variations in the occurrence of antigenic determinants of the haemagglutinin, identified by monoclonal antibodies, have been found (Birrer et al., 1981 ; Trudgett et al., 1981 ; Sheshberadaran et al., 1983) .
Although neutralization of measles virus in vitro can be brought about by antibodies against the haemagglutinin, prevention of spread of virus infections in vivo also requires the presence of antibodies against the F component . The biological activity of the F protein is generated by cleavage into a non-glycosylated F1 and a glycosylated F2 part (l~ardwick & Bussell, 1978; Tyrrell & Norrby, 1978) joined together by disulphide bridges. Monoclonal antibodies against the F protein do not reveal any variations in epitopes on this component in different strains (Sheshberadaran et al., 1983) . The M component of measles virus has been studied particularly in comparative analyses of acute and persistent (subacute sclerosing panencephalitis, SSPE) infections with the virus. It was found that patients with SSPE develop a poor antibOdy response to the M antigen.
Defective production of M antigen by SSPE measles virus strains in vivo and in vitro have also been described (see Wechsler & Meissner, 1982 ., 1981) , the haemagglutinin was readily obtained in a highly purified form. The M component was isolated in a corresponding manner. The F component was found to have a strong tendency to associate with cellular actin, and, in order to obtain preparations of high purity, a two-cycle immune adsorption procedure was developed. The morphology of the purified envelope components was characterized by electron microscopy. Furthermore, the components were used for preparation of rabbit hyperimmune sera. The capacity of these component-specific sera to inhibit different biological activities was characterized.
METHODS

Cells and virus.
Confluent layers of Vero cells in 175 cm 2 bottles for radiolabelling purposes and in roller bottles of 1750 cmz area for preparation of unlabelled material were infected with a 3 x plaque-purified LEC (KI) strain of measles virus at a multiplicity of 0.09 p.f.u./cell. This SSPE strain has been used for many years in this laboratory (see Sheshberadaran et al., 1983) . At 20 to 25~ c.p.e, the medium was discarded and replaced by Eagle's minimum essential medium (MEM) containing 5~ of the normal concentration of methionine plus [35S]methionine at a concentration of 30 IxCi/ml. The period of labelling was 24 h. Infection was allowed to proceed for 2 to 4 days at 37 °C.
Preparation of antigen for affinity chromatography.
In some experiments unlabelled infected cells, in others a mixture of radiolabelled (2.3 x 107 cells) and unlabelled infected ceUs (2 × 108 cells) were used for antigen preparation. At 90 to 95 ~ c.p.e, phenylmethylsulphonyl fluoride (PMSF) stock solution in dimethyl sulphoxide was added to the medium to 3 mM final concentration followed by Aprotinin to 1 ~ final concentration. Cells were scraped off and sedimented in a Sorvall GSA rotor at 3000 rev/min for 10 min and subsequently at 6000 rev/min for 20 min. All operations were carried out at 0 °C. The pelleted cells were disrupted by adding 4 ml lysis buffer to 2.3 x 107 cells. The composition of the lysis buffer was 10 mM-Tris-HCl pH 7.8, 150 mM-NaC1, 600 mM-KC1, 0.5 mM-MgCI2, 2~ Triton X-100, 1 mM-PMSF and 1 ~ Aprotinin. The cell suspension was frozen and thawed once, held on ice for 1 h and the insoluble cellular debris was sedimented in a Beckman SW60 rotor at 40000 rev/min for 45 min. The resulting supernatant, containing the soluble viral and cellular proteins, was used for affinity chromatography purification.
Affinity chromatography. To prepare the CNBr-activated Sepharose 4B-monoclonal antibody complex, the coupling procedure recommended by Pharmacia was followed. Ascites fluid containing anti-H, anti-F or anti-M monoclonal antibodies, corresponding to 5.1, 4.8 and 4.7 mg IgG, respectively, was coupled to 1 g of CNBrSepharose 4B. All measles-specific monoclonal ascites have been prepared and characterized in this laboratory (Sheshberadaran et al., 1983) . Remaining uncoupled groups were blocked with 1 M-ethanolamine and three washing cycles were used to remove non-covalently adsorbed protein. The immunosorbent was stored at + 4 °C in 10 mM-Tris-HC1 pH 7.4, 150 mM-NaC1, 0.02~ NAN3. The efficiency of coupling was between 90 and 95~. For purification of antigens the immunosorbent was washed twice with 3 column volumes of lysis buffer, mixed with the soluble proteins in lysis buffer in a 50 ml screw-cap plastic tube, placed in ice-water for 2 h and vortexed every 10 rain. The gel was then transferred to a 1.5 x 20 cm chromatographic column. Two different detergents were employed in the washing step: either 0.1 ~ non-dialysable Nonidet P40 (NP40) or 0.1 ~ dialysable octyl-/?-Dglucopyranoside (octyl glucoside). The columns were washed three times with 3 column vol. of either 10 mM-Tris-HC1 pH 8.0, 1 mM-EDTA, 0.1~ NP40 (TEN buffer, Bellini et al., 1981) , or I0 mm-Tris-HCl pH 8-0, I mM-EDTA, 0.1 ~ octyl glucoside (TEO buffer). Desorption of the proteins was achieved by using 3 M-KSCN in TEN buffer or 0.2 M-glycine pH 3.0, 0.1 ~ octyl glucoside. Pooled fractions of the KSCN eluate were dialysed against TEN buffer. The protein distribution in fractions was determined by measurements of radioactivity and protein concentrations at A28 o in a Beckman DB spectrophotometer.
An additional cycle of affinity chromatography was used for purification of the F protein. The dialysed product from the first chromatography step was adjusted to 1 x lysis buffer concentration. The preparation was then mixed with the anti-F immunosorbent for a second time. The immunocomplex was washed with 4 column vol. of lysis buffer, 2 column vol. of TEN buffer and lastly with 1 M-guanidine-HC1 in TEN buffer until detectable radioactivity disappeared from the wash. Desorption of the immobilized protein was achieved by use of 3 M-KSCN in TEN buffer. Pooled fractions were dialysed against TEN buffer.
Polyacrylamide gel electrophoresis (PAGE). Ten and 15 ~o SDS-PAGE slab gels were used, after a modification of Laemmli (1970) as previously described (TyrreU et al., 1980) . Autoradiography was performed according to Bonner & Laskey (1974) .
Electron microscopy. Purified envelope components were negatively contrasted on carbon-coated copper grids using 2~o sodium tungsto-silicate at pH 6. The grids were examined in a Philips EM 300 electron microscope at 60 kV accelerating voltage.
Antiserum production. Samples of purified proteins were mixed with an equal volume of Freund's complete adjuvant. The mixtures were injected intramuscularly into rabbits. Five weeks later the animals received an intravenous booster of the antigen preparation in aqueous form. The animals were exsanguinated 1 week later and serum was collected.
Serological techniques. Neutralization (NT), haemagglutination inhibition (HI), haemolysis inhibition (HLI) and complement fixation (CF) tests were carried out according to the methods described by Norrby & Gollmar (1972) . Radioimmune precipitation assays (RIPA) were performed by a modification of the technique described previously (Orvell & Norrby, 1980; Togashi et al., 1981) . Indirect enzyme-linked immunosorbent assay (ELISA) was performed as described by Sheshberadaran et al. (1983) .
Chemicals and isotopes.
[35S]Methionine (sp. act. 1000 to 1200 Ci/mmol) was purchased from New England Nuclear. The reference ~4C-methylated protein mixture including myosin, mol. wt. 200000 (200K), phosphorylase-b (92.5K), bovine serum albumin (69K), ovalbumin (46K), carbonic anhydrase (30K) and lysozyme (14.3K) were obtained from Amersham International. PMSF and Aprotinin were purchased from Sigma, CNBr-activated Sepharose-4B and Protein A-Sepharose CL-4B from Pharmacia, guanidine-HC1 (grade ultra pure) from Schwarz/Mann, and octyl glucoside from Calbiochem-Behring.
RESULTS
Preparation of purified H and M proteins
In the early experiments buffer containing 3 M-KSCN and 0-1~ NP40 was used for desorption of columns as described for purification of measles virus haemagglutinin (Bellini et al., 1981) . An effective recovery of purified components was obtained and preparations of this kind were used for immunization purposes. Although, under these conditions, morphologically identifiable F peplomers could be distinguished, electron microscopic studies of the H and M components could not be performed since the materials showed networks of large aggregates where single particles were not discernible. In order to improve conditions for morphological studies of the H and M components, 0.1 ~ NP40 was exchanged for 0.1 ~ octyl glucoside in the eluting buffer and further 0-2 M-glycine buffers of varying pH (4.5, 4.0, 3.5, 3.0) were used for elution instead of KSCN. Optimal recovery of envelope components from the immunoadsorption columns was reached at pH 3.0 with all the monoclonal antibodies employed. Dialysis was used for removal of the detergent and adjustment of pH when appropriate.
Measles virus H protein was purified by affinity chromatography from cell lysates. One cycle of adsorption and desorption produced a highly purified preparation as judged by autoradiography or Coomassie Brilliant Blue staining of SDS-PAGE slab gels. Under reducing conditions a single protein band of 79K was observed (Fig. 1) . Purification of the M protein was performed by use of an analogous procedure. After desorption from the immunosorbent a major 38K polypeptide (Fig. 2) was identified under reducing conditions in SDS-PAGE. A smaller size band appearing in both autoradiograms and Coomassie Brilliant Blue-stained gels represents a breakdown product of the M protein (Sheshberadaran et al., 1983) .
Purification of the F protein
In order to achieve an effective purification of the F protein two consecutive affinity chromatography steps were required. After the first desorption the products showed a strong enrichment in the F1 and F2 subunits of the F protein, but cellular actin and some other proteins were also present (Fig. 3 a, lane 2) . In the subsequent immunoadsorption step an extra wash with 1 M-guanidine-HC1 quantitatively removed the actin (Fig. 3b, lane 1) , while desorption with 3 M-KSCN released the F 1 (40K) and F2 (22K) subunits demonstrable by PAGE under reducing conditions (Fig. 3b, lane 2) . The relative size of the F2 part was determined by separating the purified component on a 15 ~ SDS-polyacrylamide gel, taking the m e a n migration distance of the polypeptide band (results not shown). The final purification products (Fig. 3a, lane 3 and Fig. 3 b, lane 2) show a faint band of 80K size. This may represent dimers of the F 1 subunits. The F products were also electrophoresed in the absence of 2-mercaptoethanol. U n d e r these conditions the 40K and 22K polypeptides were absent and, instead, a 55K polypeptide, the F protein, and multimer forms of this were found (Fig. 3a, lane 5) .
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Electron microscopic studies
The octyl glucoside present in affinity chromatography-purified H protein was removed by dialysis against 0.1 M-glycine pH 6.0, 0-15 ra-NaC1. Electron microscopic analysis of this dialysed material showed monomeric particles and a few aggregates (Fig. 4) . The aggregates were mostly dimeric (arrows in Fig. 4b ) and in some cases star-shaped (Fig. 4c) . The particles had the appearance of a truncated cone, as observed in the dimeric structures, with a gradually narrowing width, about 6-5 nm in diam. at the outer end and about 4 nm close to the hydrophobic centre. This central structure probably contains remaining detergent and/or Fig. 4 . Purified H peplomers in 0.1 M-glycine pH 6.0, 0.15 M-NaC1. In (a) most peplomers are in a monomeric form whereas in (b) dimeric structures (arrows) with truncated conical shape of individual peplomers and (c) star-shaped aggregates are present (arrows). Bar markers represent 100 nm. Negative contrasting with phospho-tungsto-silicate. membrane lip ids plus the part of the peplomers hidden in this structure. The overall length of the truncated cone, not including the central part, was 16 nm. Fig. 5 shows the morphology of the purified F protein in T E N buffer. Most of the particles appeared in aggregates of up to six monomers. The particles were club-shaped with an oval head of dimensions 6 × 9 nm, connected by a slender shaft to a central structure. The total length of the peplomer without its hidden hydrophobic part w a s 15 rim.
The M protein, in the presence of elution buffer (pH 3.0), appeared as rounded particles with a diam. of 8 nm (Fig. 6) . A central accumulation of contrast, about 1.5 nm in diameter, was often visible.
Characterization of rabbit hyperimmune sera against purified H, F and M components
Radioimmunoprecipitation (RIPA) was used to test the specificity of the rabbit polyvalent antisera. Antigen precipitation by serially diluted anti-H, anti-F and anti-M sera are shown in Table 1 . The sera reacted to about equal strength in tests employing whole antigen, i.e. ELISA and CF. The antisera against H gave HI and as a consequence (Norrby & Gollmar, 1975) blocked haemolysis in a corresponding dilution. The two antisera against F did not react with the virus haemagglutinin but showed a high activity in HLI tests. Both the antisera against H and F neutralized virus. In contrast, antisera against M did not react in NT, HLI or HI tests.
DISCUSSION
This study describes the application of affinity chromatography using monoclonal antibodies for purification of the three proteins associated with the measles virus envelope: the two glycosylated surface components, H and F proteins, and the non-glycosylated M protein. The various envelope proteins were immobilized on selected monoclonal IgG-Sepharose from a common detergent-solubilized antigen pool. Some earlier reports have described procedures for purification of the measles virus envelope components. The haemagglutinin has been purified by adsorbing the viral glycoproteins on lentil lectin-Sepharose columns and separation by gel filtration ( L u n d & Salmi, 1981 ; Christie et al., 1981) . In both cases, mildly to highly denaturing agents, 1 ~ sodium deoxycholate and 8 Murea, respectively, were employed. The H protein has also been isolated by affinity chromatography, using monoclonal anti-H immunoglobulins coupled to CNBr-activated Sepharose (Bellini et al., 1981) . In the present study elution of the protein with 3 M-KSCN was used to prepare antigen for immunization, whereas elution with 0.2 M-glycine p H 3.0, 0.1 ~ octyl glucoside and dialysis against glycine-saline solution, pH 6.0, was used to prepare peplomers with identifiable morphology.
Lentil lectin-Sepharose and gel filtration was used for the isolation of measles virus F protein (Christie et al., 1981) , giving under non-reducing conditions a 40K size F protein. In the present study the non-reduced F protein had a molecular size of 55K, in agreement with findings of other groups (Hardwick & Bussell, 1978; Casali et al., 1981 ; Graves, 1981) . Multimeric forms of the protein were also seen. 
Measles virus envelope components The F component was less readily isolated than other envelope components because of its tendency to associate with contaminating cellular proteins, in particular cellular actin. Removal of the contaminating proteins was achieved by a second cycle of adsorption including an extra washing step with 1 M-guanidine-HC1. The latter was previously used for isolation of actin from affinity columns in experiments by Lazarides & Lindberg (1974) . The 1 M-guanidine-HC1 did not remove the bound F protein from the immunosorbent column. Hall et al. (1978) purified the measles virus M protein by use of a method previously developed for isolation of the M component of other paramyxoviruses (Scheid et al., 1972) . Purified virions were dissolved in a solution of high salt concentration and, after removal of other viral components by sedimentation, the M protein was precipitated by dialysis against distilled water. Also, in another study (Tyrrell et aL, 1980) advantage was taken of the solubility of the M protein in high concentrations of salt. Complexes of nucleocapsids and matrix protein extracted from infected cells were centrifuged on CsC1 gradients. The matrix protein did not sediment together with the nucleocapsid into the gradient but remained in its upper part. The need for high salt conditions for solubilization of the M protein was taken into consideration when cell lysates were prepared for affinity chromatography in the present studies. Although it has been reported (Giuffre et al., 1982) that cellular actin has a particular preference to interact with paramyxovirus M protein, this did not cause problems in the immunoadsorbent purification of measles virus M protein. This kind of interaction did, however, pose problems in the purification of F protein, as discussed.
It was found that varying milieu conditions have different effects on the morphology of measles H and F peplomers. The morphology of F peplomers could be identified in material desorbed with 3 M-KSCN, whereas morphologically identifiable H peplomers were only found in material eluted by 0.2 M-glycine buffer at pH 3-0. Removal of detergent from the H preparations caused the appearance of some aggregates, but the F peplomers showed a tendency to aggregate in the presence of detergent. The morphology of the two kinds of peplomers was different. Similar findings were previously described in studies of peplomers of other paramyxoviruses. Also, in these studies the morphology of the HN peplomers was more difficult to define than that of the F peplomer. The HN peplomer has been referred to as tadpole-shaped (Iinuma et al., 1971) , rod-like (Scheid et al., 1972) and dumb-bell-shaped (Shimizu et al., 1974) , whereas the F peplomer was described as having a shaft with a terminal knob (Scheid et al., 1972) and, like the haemagglutinin projection, to be dumb-bell-shaped, but with a wider peripheral dimension (Shimizu et al., 1974) . Within the variations which might be due to the different purification procedures, the morphology and size of the measles H and F peplomers appear to correlate with that described for the corresponding peplomers of other paramyxoviruses.
At pH 3.0 and in the presence of 0.1 ~ octyl glucoside, electron microscopy showed a homogeneous population of almost spherical, sometimes edged, particles of M protein. In many cases they displayed a narrow central accumulation of contrast. The same morphological characteristics were previously described for the M protein of Sendal virus under high salt conditions (Hewitt & Nermut, 1977; Heggeness et al., 1982) . Based on a disc height of 3.5 nm inferred from the structure of nucleocapsid and M aggregates, it was proposed (Hewitt & Nermut, 1977) that each disc should be a dimer of the M protein. However, the side-on view of some discs in the present study suggested the morphology of a short tube with a height of about 7 to 8 nm. This indicates that these short tube-like structures could represent aggregates of four to six M proteins. As in previous studies of Sendai virus M protein, it was found that the observed measles M protein particles had a pronounced tendency to aggregate when the milieu conditions used for electron microscopy were changed. The morphology of such aggregates was not analysed in this study.
As expected, the rabbit hyperimmune serum against the H protein blocked the infectious and haemagglutinating activity of virions, whereas polyclonal antibodies against the M protein showed no such activity. The effects of the polyclonal rabbit serum against the F protein on biological activities were of particular interest in view of previous conflicting data. Adsorption of human immunoglobulin with measles virus haemagglutinin to remove all detectable HI activity left HLI activity and about 10 ~ of the original neutralizing activity (Norrby & Gollmar, 1975) . Immunization of rabbits with complete measles virions gave an immune response against the haemagglutinin, but not the F component. If, however, the haemagglutinin was removed by trypsin treatment the immune response instead was directed against the F component. The latter kind of serum showed HLI activity but neutralized the virus only in the presence of antiimmunoglobulin (Norrby & Gollmar, 1975) . Antiserum against the F1 po!~peptide isolated from SDS-PAGE-fractionated material showed no neutralizing activity (Orvell & Norrby, 1980) . Finally, the recently produced monoclonal antibodies against the F protein either single or in pools gave a weak inhibition of haemolysis but did not interfere with other biological activities (Norrby et al., 1982) . The present findings clearly show that antibodies against native isolated F peplomers can neutralize virus infectivity. This finding is in agreement with data from studies of the paramyxovirus SV5 (Merz et al., 1981) . The same group has also shown that hyperimmune serum against the F protein prevents the spread of infection in monolayer cultures (Merz et al., 1980) . Also, in this respect the corresponding observation has been made with the measles polyclonal anti-F serum used in this study (E. Norrby et al., unpublished results). The importance of antibodies against the measles F component in preventing the spread of virus infection in man was previously inferred from the failure of inactivated measles vaccine to give effective immunity (Norrby et al., 1975) . Such vaccines did not induce an antibody response to the F protein which could block the biological activity of this component. Conversely, it was found that immunization of dogs with measles virus gave a protection against distemper, which appears to be based on the fact that these viruses have closely related F components but distinct H components (Norrby & Appel, 1980) . The methods described here offer advantages over previously described techniques for purification of the measles virus envelope components because of their simplicity and efficacy of purification. The immunoadsorbent-isolated components retained their immune reactivity as shown both by their activity as antigen in RIPA and by the finding that when they were used for hyperimmunization of rabbits a specific antibody response was generated in high titres. The availability of the measles virus envelope proteins in highly purified form will allow biochemical, structural and immunological studies to be carried out. Furthermore, the possibilities are open to producing a measles virus subunit vaccine and perhaps in the future a synthetic vaccine.
